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F I There  have b e e n  some r e c e n t  s t u d i e s  t o  d e t e r m i n e  
w 
RI r- 
m if c u r r e n t  c a r r y i n g  c o i l s  might  b e  used  as t o r q u e r s  f o r  

$a a t t i t u d e  c o n t r o l  o f  t h e  AAP C l u s t e r  by r e a c t i n g  w i t h  t h e  
I d m  e a r t h ' s  m a g n e t i c  f i e l d .  A s ide  a s p e c t  o f  t h i s  p rob lem i s  

QI u 3  r- ur  t h a t  f o r c e s  a c t  on t h e s e  c o i l s  due  t o  t h e  g r a d i e n t  o f  t h e  
3- f i e l d .  The q u e s t i o n  i s  w h e t h e r  these  f o r c e s  w i l l  have  an  z 

a p p r e c i a b l e  e f f e c t  on o r b i t a l  p a r a m e t e r s .  A g e n e r a l  e x p r e s s i o n  
f o r  t h e  f o r c e  on a c o i l  i n  a m a g n e t i c  f i e l d  i s  d e r i v e d .  A d i p o l e  

o\ model  o f  t h e  e a r t h ' s  magne t i c  f i e l d  and  t h e  p r o p e r t i e s  o f  a c o i l  
o s u i t a b l e  f o r  a t t i t u d e  c o n t r o l  are  u s e d  to o b t a i n  n u m e r i c a l  r e s u l t s  

co 

, f o r  210  NM c i r c u l a r  o r b i t s  i n  t h e  e q u i t o r i a l  p l a n e  and  i n c l i n e d  

~ Case ( a )  assumes t h e  p l a n e  of  t h e  c o i l  i n  t h e  p l a n e  o f  t h e  
a t  35 d e g r e e s .  Three o r i e n t a t i o n s  o f  t h e  c o i l  a r e  s t u d i e d ;  

o r b i t  and i n  Cases ( b )  and ( e )  t h e  p l a n e  o f  t h e  c o i l  i s  
a p e r p e n d i c u l a r  t o  t h e  o r b i t a l  p l a n e  w i t h  i t s  a x i s  i n e r t i a l l y  

?n f i x e d .  I n  Case ( b )  t h e  normal t o  t h e  c o i l  a r e a  i s  i n  t h e  
XW d i r e c t i o n  o f  t h e  l i n e  o f  nodes and i n  Case ( e )  i t  i s  normal  
s Ei t o  t h e  l i n e  o f  nodes .  
d -  
w e  The maximum r a d i a l  component o f  t h e  f o r c e  o c c u r s  i n  a t u  
w c  Case ( a )  f o r  t h e  35' i n c l i n a t i o n .  I t s  v a l u e  i s  a p p r o x i m a t e l y  

ZZ:M 
O f 3  

m z B I  p u l l  on t h e  c l u s t e r .  The maximum t a n g e n t i a l  ( " d r a g " )  component 
of t h e  f o r c e  o c c u r s  i n  Cases ( b )  and ( c )  f o r  t h e  35' i n c l i n a t i o n .  W Y E a  v o  

m d u  
Q H d  I ts  magni tude  i s  a p p r o x i m a t e l y  h o d  

10-3-10-4  o f  t h e  aerodynamic  d r a g  on t h e  c l u s t e r .  vo, 
r Z  -3 b e  n o t e d  t h a t  t h e  t a n g e n t i a l  component o f  t h e  f o r c e  f i r s t  
FHCa b o o s t s  and t h e n  opposes  t h e  mot ion  o f  t h e  v e h i c l e  i n  a l t e r n a t e  
a f f i w  q u a r t e r s  o f  t h e  o r b i t .  The maximum v a l u e  o f  t h e  component o f  
O m H  - 4 L U  f o r c e  i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  o r b i t a l  p l a n e  i s  
a l U  a b o u t  1 . 6 ~ 1 0 - ~  l b s ,  and p o i n t s  f i r s t  sou thward  and  t h e n  n o r t h -  x:: ward i n  a l t e r n a t e  h a l v e s  o f  t h e  o r b i t .  
R w W  
r n e c i z  
4 Q S W  The f o r c e  on a c u r r e n t  c a r r y i n g  c o i l  i s  n e g l i g i b l e  
Z D 4  " U W  compared t o  b o t h  g r a v i t a t i o n a l  and d r a g  f o r c e s .  Note t h a t  t h i s  

c o n c l u s i o n  r e fe r s  t o  t h e  f o r c e  and n o t  t h e  t o r q u e  g e n e r a t e d  by 
t h e  f i e l d .  The f o r c e  e f f e c t  s h o u l d  n o t ,  t h e r e f o r e ,  d e t r a c t  
f rom t h e  m a g n e t i c  c o n t r o l  c o n c e p t ,  b u t  n e i t h e r  can  i t  b e  used  
t o  a d v a n t a g e  f o r  o r b i t  k e e p i n g .  

- \ 0  

- 1  1 
6 3 . 5 ~ 1 0 - ~  l b s ,  which i s  abou t  3 . 5 ~ 1 0  o f  t h e  g r a v i t a t i o n a l  

l b s  which i s  i n  t h e  r a n g e  
I t  s h o u l d  

o w 4  

t u  
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I .  I N T R O D U C T I O N  

The re  have  been  a number o f  r e c e n t  s t u d i e s  to 
d e t e r m i n e  t h e  f e a s i b i l i t y  o f  u s i n g  c u r r e n t  c a r r y i n g  c o i l s  
as t o r q u e r s  f o r  a t t i t u d e  c o n t r o l  of  t h e  4.P.P c l u s t e r  by 
r e a c t i n g  w i t h  t h e  e a r t h ' s  m a g n e t i c  f i e l d .  Due to t h e  
g r a d i e n t  e x i s t i n g  i n  t h e  f i e l d ,  f o r c e s  as w e l l  as t o r q u e s  
a c t  on t h e  c o i l s .  The o b j e c t  o f  t h i s  memorandum i s  to 
s t u d y  t h e s e  f o r c e s  f i r s t  from a g e n e r a l  p o i n t  o f  v i ew,  
and t h e n  to d e t e r m i n e  i f  t h e i r  m a g n i t u d e s  w i l l  h ave  an 
a p p r e c i a b l e  e f f e c t  on o r b i t a l  p a r a m e t e r s .  The n u m e r i c a l  
r e s u l t s  are  b a s e d  on a c o i l  s u i t a b l e  f o r  a t t i t u d e  c o n t r o l  
i n  a 2 1 0  NM c i r c u l a r  o r b i t  w i t h  i n c l i n a t i o n s  c f  Oo and 35".  
T h r e e  c o i l  o r i e n t a t i o n s  w i t h  r e s p e c t  t o  t h e  o r b i t a l  p l a n e  
a re  c o n s i d e r e d ;  t h e  c o i l  c o n t a i n e d  i n  t h e  o r b i t a l  p l a n e  and 
two d i s t i n c t  o r i e n t a t i o n s  i n  which t h e  c o i l  i s  p e r p e n d i c u l a r  
t o  t h e  o r b i t a l  p l a n e .  

11. FORCE ON A C O I L  I N  A MAGNETIC FIELD 

co I L  

C o n s i d e r  a c o i l  c a r r y i n g  a c u r r e n t  I which i s  p l a c e d  
i n  a m a g n e t i c  f i e l d  B .  The f o r c e  a c t i n g  a c t i n g  on an  e l e m e n t  of  

t h e  c o i l ,  d e ,  i s  

- 

dF = I [ d z  x 6 )  
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One can  compute the  t o t a l  r e s u l t a n t  f o r c e  on t h e  c o i l  by 
e v a l u a t i n g  some l i n e  i n t e g r a l s ;  from (I), 

However, r a the r  t h a n  e v a l u a t e  ( 2 )  t h rough  t h e  t e d i o u s  p r o c e s s  
of c a r r y i n g  o u t  l i n e  i n t e g r a l s  we can u s e  one of t h e  S t o k e ' s  
r e l a t e d  fo rmulas  from g e n e r a l  v e c t o r  a n a l y s i s  .* 
f o r c e  from ( 2 )  becomes 

The r e s u l t a n t  

where dA=n dA, w i t h  dA b e i n g  an e l emen t  o f  area e n c l o s e d  bv t h e  - 
c o i l  and  n t h e  u n i t  normal  t o  t h e  e lement  of a rea  p o s i t i v e  i n  
t h e  r i g h t - h a n d  s e n s e  when t r a v e r s i n g  t h e  c o n t o u r  s o  t h a t  t h e  
a rea  i s  always t o  t h e  l e f t .  Then ( 3 )  becomes 

- - -  
Expanding e q u a t i o n  (4) p r o v i d e s  some i n s i g h t .  
a r e  u n i t  v e c t o r s  i n  t h e  x ,  y ,  and z d i r e c t i o n s ,  t h e n  

If i ,  j , a n d  k 

and 

- - - - 
n = n x i  + n j + nzk Y 

+ B j + BZk 
Y 

( 5 )  

( 7 )  

*See Simons, S . , V e c t o r  Mechanics,  P .  139 .  
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The r e s u l t a n t  f o r c e  on t h e  c o i l  i s ,  a f t e r  e x p a n s i o n  

z -  a B  a B  
Z 

a B  
+ n Z ~ - n  Y ( $ + - ) I  a z  j 

aBx 
+ I n x  ay 

a B  a BX 
a B  

Y a z  .y - n Z  (F -k t n  a B X  
+ Cnx az 

- 
Observe t h a t  if B l i e s  c o m p l e t e l y  i n  one p l a n e ,  s a y  

t h e  XY-plane, and t h e  c o i l  a l s o  l i e s  comple t e ly  i n  a p l a n e  
p a r a l l e l  t o  t he  XY-plane, then 

BZ = 0 

n = k  

n = n  = O , n Z = l  

- and - 

or 

X Y 

and E q u a t i o n  ( 8 )  becomes 

S 

E q u a t i o n  (9) i s  a p a r t i c u l a r  ca se  r e s u l t  while E q u a t i o n  ( 8 )  
i s  c o m p l e t e l y  g e n e r a l .  
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11. SOLENOIDAL FIELD 

A v e c t o r  f i e l d  F i s  said t o  b e  s o l e n o i d a l  i f  - - 
v F = Div F = 0 .  
a l w a y s  s o l e n o i d a l .  * Thus,  

The m a g n e t i c  i n d u c t i o n  f i e l d ,  B ,  - i s  

A d i r e c t  consequence of  ( 1 0 )  i s  t h a t  i f  t h e  magne t i c  f i e l d  - 
B and t h e  c o i l  are b o t h  c o n t a i n e d  comple t e ly  i n  t h e  same 
p l a n e ,  i t  f o l l o w s  from (9) t h a t  

- 
F = 0. 

E q u a t i o n  (10) a l so  a l t e r s  t h e  more g e n e r a l  r e s u l t  of  ( 8 ) .  
From (lo), 

a B  z a B  
- -  a B X  - -  ( $ + - )  
ax az 

a B X  aB 
( -+  $9 a B Z  - = -  

az ax 

* 
S e e  Abraham, M.  and Becker ,  

Div i=O means p h y s i c a l l y  P .  129. 
I1 m a g n e t i c  s o u r c e s "  o r  ' ' charges" .  

R . , E l e c t r i c i t y  and Magnetism, 
t h a t  t h e r e  e x i s t  no f r e e  
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a B  a B Z  - 
t n  y + n  - 1 j  a Bx 

Cnx ay Y a Y  z a Y  

a B Z  - } dA 
aB 

a BX + n  nZ X I  k + Cnx az Y az 

or i n  v e c t o r  s h o r t - h a n d ,  

E q u a t i o n  ( 1 3 )  i s  v a l i d  f o r  any c o i l  i n  a Q o l e n o i d a l  f i e l d  

( 0 * 5 = 0 ) .  
of t h e  c o i l  o n l y .  

E q u a t i o n  (11) i s  v a l i d  for a p a r t i c u l a r  o r i e n t a t i o n  

111. FURTHER SIMPLIFICATION 

Suppose now t h a t  t h e  c o i l  i s  c o n t a i n e d  comple t e ly  
T h i s  i s  e q u i v a l e n t  t o  s p e c i f y i n g  a c o n s t a n t  i n  any p l a n e .  

o v e r  t h e  e n t i r e  area bounded by t h e  c o i l .  Then ( 1 3 )  becomes 

J 
S 

= I J  [ g r a d  B n l  dA 

S 

- 
where Bn i s  t h e  component o f  B a l o n g  t h e  normal  t o  t h e  area 
bounded by t h e  c o i l  and 

aBn - aBn - aBn - 
ax a Y  az  g r a d  Bn = - i + -  j t -  k 
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I V .  EXAMPLE OF C O I L  I N  EARTH'S M A G N E T I C  FIELD 

2 

FIGURE I 

The e a r t h ' s  magnet ic  f i e l d  w i l l  b e  r e p r e s e n t e d  
b y  a magne t i c  d i p o l e  whose d i p o l e  v e c t o r  i s  a l i g n e d  w i t h  
t h e  e a r t h ' s  s p i n  v e c t o r .  The n o r t h  p o l e  l i e s  on t h e  
z a x i s  i n  F i g u r e  1. I n  s p h e r i c a l  p o l a r  c o o r d i n a t e s ,  t h e  
f i e l d  i s  g i v e n  b y  

where Me i s  t h e  e a r t h  d i p o l e  moment. 
and  $ and t h e  u n i t  v e c t o r s  e e and e a re  d e f i n e d  i n  
F i g u r e  1. Our pr imary  i n t e r e s t  i s  to d e t e r m i n e  t h e  r a d i a l  
and t a n g e n t i a l  ( d r a g )  components of t h e  f o r c e  on a c u r r e n t  
c a r r y i n g  c o i l  which i s  i n  an  o r b i t  i n c l i n e d  t o  t h e  e q u a t o r  
t h r o u g h  an a n g l e  i ,  t h e  x -ax i s  b e i n g  t h e  l i n e  of nodes .  It 
w i l l  t h e n  p rove  conven ien t  to d e s c r i b e  Bn i n  t h e  s p h e r i c a l  
c o o r d i n a t e  sys t em shown i n  F i g u r e  (2)' o b t a i n e d  by 

The c o o r d i n a t e s  r ,  e ,  

r' 8 $ 

*It i s  e a s i l y  v e r i f i e d  t h a t  V*B=Div E = O  
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FIGURE 2 

r o t a t i n g  t h e  z and y-axes t h r o u g h  a n  a n g l e  i a b o u t  t h e  
x - a x i s .  

v e c t o r s  which are  r a d i a l ,  p e r p e n d i c u l a r  t o  t h e  o r b i t a l  p l a n e  
( P O P )  and  t a n g e n t  t o  t h e  o r b i t ,  r e s p e c t i v e l y .  The r e l a t i o n -  
s h i p s  be tween r p t - c o o r d i n a t e s  and  r e $ - c o o r d i n a t e s  a re  

When p = ~ / 2 ,  r w i l l  b e  i n  t h e  d e s i r e d  o r b i t a l  
( x y ' - )  p l a n e  w h i l e  F - e and F w i l l  r e p r e s e n t  u n i t  

r '  P t 

7 s i n  e cos  I$ = s i n  p c o s  t 

s i n  e s i n  I$ = s i n  p s i n  t cos  i - cos  p s i n  i (16) \ 
cos  e = s i n  p s i n  t s i n  i t cos  p c o s  i l  

r = r  

Three d i s t i n c t  o r i e n t a t i o n s  o f  t h e  c o i l  i n  t h e  o r b i t a l  p l a n e  
w i l l  b e  c o n s i d e r e d .  
Case ( a ) ,  Case ( b )  and Case ( c ) .  

The o r i e n t a t i o n s  w i l l  b e  d e n o t e d  by 

a. Case ( a )  - C o i l  i n  o r b i t a l  p l a n e  

I f  t h e  c o i l  i s  c o n t a i n e d  c o m p l e t e l y  i n  t h e  o r b i t a l  
p l a n e  w i t h  i t s  m a g n e t i c  d i p o l e  p o i n t i n g  no r thward  t h e n  t h e  
no rma l  t o  i t s  area i s  
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or, in re$-coordinates, 

- - 
n = (-sin i sin e sin q, + cos i cos e )  e r 

- 
- (  sin i cos e sin + t cos i sin e) e e 

- 
- sin i cos + e$ 

From (15) and (17) 

B n = B . n  

- - -  Me  COS^ (sin i sine sin + - cos i cose) 
r3 

+ sine (sin i cose sin+ t cos i sine)] 

- - -  Me [ 3  sin i cose sine sin+ + cos i (1-3 cos2e)] (18) 
1-3 

In order to obtain Bn in terms of rpt-coordinates, combine (16) 
and (18) to obtain 

- - 5 (2 sin iEsin2i sin2p ain2t .t sin2p sin t(cos2i-sin2i) 
2 

r 3  Bn 

-sin 2i cos2pI t cos i [1-3(sin2i sin2p sin2t 

?sin 2i sin 2p sin t + cos2i COS~P] (19) 1 

Considering variations in r, p, and t negligible over the region of 
integration, (14) may be approximated to a high degree of accuracy 
by 

whereA is the cross sectional area enclosed by the coil and rc is 
the distance f rom the center of the earth to the center of the coil. 
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I n  s p h e r i c a l  p o l a r  c o o r d i n a t e s  

- - 1 a 
r r ap ( ) e  P + r s i n  p - a t  ( ) e t  

l a  ( ) e  + - -  a g r a d  ( ) = - ar 

and f rom (19) 

g r a d  (B,) = 

M 
-3  ~ ( 2 s i n  i [ s i n  2 i  s i n 2 p  s i n 2 t  + s i n  2p s i n  t ( c o s 2 i - s i n ” )  

r 4  2 

- s i n  2 i  c o s 2 p I  + cos  i [ 1 - 3 ( s i n 2 i  s i n 2 p  s i n 2 t  

+ F s i n  2 i  s i n  2p s i n  t + c o s 2 i  cos p 2 1}-r 
1 e 

- 

+ 2 (,sin i [ T s i n  1 2 i  s i n  2 p ( l + s i n 2 t )  + cos p s i n  t ( c o s 2 i - s i n 2 i ) I  
r 4  

-3cos i [ s i n 2 i  s i n  2p s i n 2 t  + s i n  2 i  cos  2p s i n  t - cos ‘ i  s i n  2p] e I -p 

t a s i n  i r s i n  2 i  s i n  2p s i n  2 t  t s i n  2p c o s  t ( c o s 2 i - s i n 2 i ) l  

-3cos i [ s i n 2 i  s i n 2 p  s i n  2 t  t - s i n  1 2 i  s i n  2p c o s  t ]  2 

It  i s  now n o t e d  t h a t  t h e  z ’  a x i s  i n  F i g u r e  2 i s  normal  t o  t h e  
o r b i t a l  p l a n e ;  t h e r e f o r e  a n g l e  p = 1 ~ / 2 .  By combining ( 2 0 )  and  
(211, s e t t i n g  p=?r/2 and w r i t i n g  t h e  r e s u l t a n t  f o r c e  i n  terms 
of Fr, F and  Ft components ,  w e  have  

P 

Fr = -3 - cos i t 3 C s i n  i s i n  2 1  - 3 s i n 2 i l  s i n 2 t  
r 4  

C 

Ft = 0 
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Note t ha t  i f  t h e  i n c l i n a t i o n  a n g l e  i = O  ( o r b i t a l  p l a n e  i s  
t h e  e q u i t o r i a l  p l a n e )  

M e I A  ’ 
Fr = -3  - 

V I 4  I 
C 

F = O  
P 

Ft = 0 ( 2 7 )  

b .  Case ( b )  - C o i l  p e r p e n d i c u l a r  to o r b i t a l  p l a n e  w i t h  
no rma l  i n  t h e  d i r e c t i o n  o f  l i n e  o f  nodes  

I f  t h e  c o i l  i s  o r i e n t e d  p e r p e n d i c u l a r  t o  t h e  o r b i t a l  
p l a n e  s o  t h a t  t h e  normal t o  t h e  area i s  a lways  p o i n t i n g  i n  t h e  
d i r e c t i o n  o f  t he  l i n e  of nodes ,  

From (15) and ( 2 8 )  it f o l l o w s  

Me - - 
B = B *  n = -3  - [ c o s  e s i n  o C O S  $1 n - 3  

Combining (16) and ( 2 9 )  leads t o  

Me B = -3 - [ s i n  i s i n 2 p  s i n  2 t  + cos  i s i n  2p cos  t ]  n 
2 r 3  

The g r a d i e n t  of Bn i s  t h e r e f o r e  
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- 
[ s i n  i s i n 2 p  s i n  2 t + c o s  i s i n  2p cos  t ] e  Me 

2 r 4  r 
g r a d  Bn = 9 - 

Me - 3 -  
r4  

[ s i n  i s i n  2p s i n  2 t + c o s  i COS 2p cos  
P 

e 1 - [ s i n  i s i n 2 p  cos  2 t -  -cos i s i n  2p s i n  t ] e  
M 

(31) 2 t 
- 3  

r 4 s i n  p 

E q u a t i o n s  ( 2 0 )  and (31) g i v e  for t h e  components of t h e  f o r c e  on 
t h e  c o i l  ( w i t h  p=7~/2) 

IA cos  i cos  t F = 3 -  Me 
P r 4  

C 

and 
I 

C 

Note t h a t  for an e q u i t o r i a l  o r b i t  ( i = O )  

Fr = 0 

M 
e 

F = 3 -  I A  cos  t 
P m 4  

( 3 3 )  

(34) 

( 3 5 )  

I 
C 

Ft = 0 ( 3 7 )  
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c .  Case ( c )  - C o i l  p e r p e n d i c u l a r  t o  o r b i t a l  p l a n e  w i t h  
no rma l  p e r p e n d i c u l a r  t o  t h e  l i n e  o f  nodes  

Here, t h e  no rma l  t o  t h e  c o i l  area i s  

- - 
n = cos i j + s i n  i k 

- 
= ( c o s  i s i n  e s i n  q~ + s i n  i cos  e ) e  r 

- 
e + ( c o s  i cos  e s i n  q~ - s i n  i s i n  e ) e  

- 
4J + cos  i cos  4J e ( 3 8 )  

It  can  b e  shown t h a t  Bn i n  t e r m s  o f  r p t  - c o o r d i n a t e s  i s  

B = - -  3cos  i [ T s i n  1 2 i  s i n 2 p  s i n 2 t + z s i n  1 2p s i n  t ( c o s 2 i - s i n 2 i )  
Me r 3  

n 

1 - p i n  2 i  c o s 2 p I - s i n  i C 1 - 3 ( s i n 2 i  s i n * p  s i n 2 t  

Tak ing  t h e  g r a d i e n t  of (391 ,  combining i t  w i t h  ( 2 0 )  and  s e t t i n g  
p = r / 2  g i v e s  f o r  t h e  r e s u l t a n t  components o f  t h e  f o r c e  

M e I A  

r 4  
F r = 3 -  s i n  i C 3  s i n %  - 11 

C 

M e I A  

r 4  
Ft =-3 - s i n  i s i n  2 t  

C 
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F o r  an e q u i t o r i a l  o r b i t  ( i = O )  

Fr = 0 

MeIA 
F = 3 -  s i n  t 

P r 4  
C 

Ft = 0 

- 13 - 

( 4 3 )  

( 4 4 )  

( 4 5 )  

V. NUMERICAL RESULTS 

P r e l i m i n a r y  r e s u l t s f  i n d i c a t e  t h a t  a c o i l  made of 

The a v e r a g e  power i s  411.5 wat ts  

aluminum c a b l e ,  c i r c u l a r  i n  shape  w i t h  a 1 0 0  f t  diameter and 
w e i g h i n g  a b o u t  1 9 5  l b s  i s  an a p p r o p r i a t e  d e s i g n  on which t o  
b a s e  t h e  n u m e r i c a l  r e s u l t s .  
and c u r r e n t  (RMS) i s  222 .8  amps. 

The c o i l  w i l l  b e  assumed t o  b e  i n  a c i r c u l a r  210 NM 
o r b i t * *  and  i n c l i n a t i o n s  o f  Oo and 35' w i l l  b e  c o n s i d e r e d .  

Case ( a )  

i = O o  (From ( 2 5 ) ,  (26) and ( 2 7 ) )  

.Fr = - 1 . 6 2 ~ 1 0 - ~  l b s .  

{ P  F = F t = O  

i=35"  (From ( 2 2 ) ,  ( 2 3 )  and  ( 2 4 ) )  

Fr = - 1 . 6 2 ~ 1 0 - ~ [  . 81915-1 .34s in  2 t ]  lbs. 

Fr max 

F = 1 . 2 5 ~ 1 0 - ~ s i n  t l b s .  

3.rr 7.rr 
4 4 

= - 3 . 4 9 ~ 1 0 - ~  l b s  @t= - , - 

P i Ft = 0 

* Based on d i s c u s s i o n s  w i t h  J .  Kran ton  and B .  W .  Moss. 
* * P r o p e r t i e s  o f  t h e  ear th ' s  m a g n e t i c  f i e l d  were o b t a i n e d  from 

t h e  TRW Space  Data Handbook, P .  78 .  
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Case ( b )  

i = O o  (From ( 3 5 ) ,  ( 3 6 )  and  ( 3 7 ) )  

Fr = Ft = 0 

F = 1 . 6 2 ~ 1 0 - ~ ~ 0 ~  t 1 b s .  
1 P  

i=35"  (From ( 3 2 ) ,  ( 3 3 )  and  ( 3 4 ) )  

F = 1 . 3 4 ~ 1 0 - ~ s i n  2 t  lbs. 

F = 1 . 3 3 ~ 1 O - ~ c o s  t lbs. 

r 

P 

= 0 . 9 3 ~ 1 0 - ~ c o s  2 t  lbs. Ft 

Case ( c )  

i = O o  (From ( 4 3 ) ,  ( 4 4 )  and ( 4 5 ) )  

F = F t = O  

F = 1.62x10- ' s in  t lbs. 

r 

P 

i=35"  (From (40), ( 4 1 )  and ( 4 2 ) )  

= 0 . 9 3 ~ 1 0 - ~ [ 3  s i n 2 t - l ]  l b s .  

= 1.86~10-~ l b s  @ t = 1 ~ / 2 ,  37/2 
max 

= 0 . 4 5 ~ 1 0 - ~ s i n  t lbs. 

- 6  
Ft =-0.93x10 s i n  2 t  lbs. 
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VI. DISCUSSION OF RESULTS 

Case ( a ) :  With z e r o  o r b i t  i n c l i n a t i o n ,  t h e r e  i s  o n l y  a 
r a d i a l  component of t h e  f o r c e .  It i s  c o n s t a n t  i n  magni tude  
and d i r e c t i o n ,  p o i n t i n g  always towards  t h e  e a r t h ' s  c e n t e r .  * 
At a 35" i n c l i n a t i o n ,  t h e  r a d i a l  component, Fr ,  o s c i l l a t e s  
abou t  a mean v a l u e  o f  - 1 . 3 3 ~ 1 0 ~ ~  l b s .  and depends  on t h e  
s i n e  o f  t w i c e  t h e  a n g l e  t. It r e a c h e s  a maximum v a l u e  o f  
3 . 4 9 ~ 1 0 ' ~  l b s .  a t  t = 3 ~ / 4 ,  7 1 ~ / 4 .  The POP component v a r i e s  
as s i n  t ,  t h e r e f o r e  p o i n t i n g  southward  for O < t < T  and n o r t h -  
ward for I T < ~ < ~ I T .  

z e r o  f o r  t h e  i n c l i n e d  o r b i t ,  
The  t a n g e n t i a l  ( d r a g )  component, F t ,  r ema ins  

Case ( b ) :  For i = O ,  Fr and Ft a re  z e r o  w h i l e  t h e  POP 
component v a r i e s  as cos t p o i n t i n g  s o u t h  f o r  t i n  t h e  r i g h t  
h a l f  p l a n e  and n o r t h  i n  t h e  l e f t  h a l f  p l a n e .  When i = 3 5 " ,  
t h e  Fr component depends  on s i n  2 t  and t h e r e f o r e  p o i n t s  away 

from t h e  e a r t h  when O < t < n / 2 ,  v < t < 3 ~ / 2  and i s  toward t h e  e a r t h  
when n / 2 < t < 1 ~ ,  3 n / 2 < t < 2 n .  The POP component a g a i n  o s c i l l a t e s  i n  
magni tude  and d i r e c t i o n  a c c o r d i n g  to cos t .  A t a n g e n t i a l  or 
"d rag"  component, F t ,  makes i t s  f i r s t  appea rence  and i s  
a p p r o x i m a t e l y  e q u a l  to cos 2 t  l b s .  Ft switches from a 
" t h r u s t "  f o r c e  to a "drag"  f o r c e  i n  a l t e r n a t e  q u a r t e r s  o f  t h e  
o r b i t .  

Case ( e > :  The on ly  u n i q u e l y  d i f f e r e n t  occu rence  i n  t h i s  
c a s e  conce rns  t h e  dependence of Fr on s i n 2 t  f o r  i=35O. The 
maximum v a l u e  of Fr i s  a t t a i n e d  at t = ~ / 2 ,  3 ~ / 2  and i s  e q u a l  
t o  1.86~10-~ l b s .  

Comparing t h e  magnitude of t h e  f o r c e s  a c t i n g  on 
a c u r r e n t  c a r r y i n g  c o i l  t o  o t h e r  e n v i r o n m e n t a l  f o r c e s ,  i t  i s  
found t h a t  t h e  r a t i o  of t h e  maximum t a n g e n t i a l  f o r c e  to t h e  

I n  a d d i t i o n ,  t h e  f o r c e  i s  o f  t h e  same o r d e r  o f  magni tude a s  
t h e  f o r c e  due t o  s o l a r  p r e s s u r e .  

aerodynamic d r a g  on t h e  c l u s t e r  i s  i n  t h e  r a n g e  1 0  - 3  - 10 - 4  . 

" D i r e c t i o n a l  p r o p e r t i e s  a r e  n a t u r a l l y  dependent  on d i r e c t i o n  
o f  c u r r e n t  t h r o u g h  t h e  c o i l .  
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It can thus be concluded that the force on a 
current carrying coil is negligible compared to the drag 
forces anticipated f o r  the AAP mission. The force effect 
should not, therefore, detract from the magnetic attitude 
control concept, but neither can it be used to advantage 
for orbit keeping. However, for other than AAP missions 
with a comparable size vehicle, there exists a cross-over 
point in the vicinity of 900 n.m. at which the forces on 
a current carrying coil can exceed the aerodynamic force. 
On the other hand, the solar pressure at 900 n.m., which 
remains relatively constant (being inversely proportional 
to the square of the distance from the spacecraft to the 
sun), can give rise to f o r c e s  in the range of ten times 
the aerodynamic and c o i l  forces. Therefore, there can 
exist conditions for which forces in current carrying 
coils cannot be considered negligible compared to other 
environmental effects; at the same time, without major 
changes in the coil design (increases in power and diameter 
f o r  example), they will probably not constitute the dominant 
effect. 
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